Abstract: A first principal modeling of the gasification of a char particle is performed using single step mechanism. The char particle is considered to be spherical in shape and only the physical and chemical properties can change in the radial direction. The carbon dioxide is used as the gasification agent that reacts with the char and form carbon monoxide. The presence of both solid and gaseous phase species makes the reaction heterogeneous. The char particle is considered with varying porosity that also allows the change in the surface area of the particle. A time invariant temperature and pressure profile is used at which the Arrhenius rate constant and diffusion is calculated. The mass conservation of model results in the form of two coupled partial differential and one ordinary differential equation. The equations are solved with a set of initial and boundary conditions using the bulk species concentration at the particle surface. A second order accurate central differencing scheme is used to discretize space while backward differencing is used to discretize time. Finally, the results are presented for the concentration distribution of CO and CO 2 in radial direction with respect to time. It shows that, maximum concentration of CO is present at the center of the particle while the concentration gradient becomes higher near the particle surface. The nonlinear concentration trend due to the diffusion is effectively captured. The results show that, completed conversion of char depend upon the time provided for the reaction which can be reduced by decreasing the size of particle or increasing the reaction temperature. The sensitivity study of temperature and initial porosity also performed and showed that temperature has high impact on char conversion as compare to initial porosity.
Introduction
Char gasification is one of the important processes to generate fuel, electricity and variety of chemical. Char is normally generated by de-volatalizing coal or biomass at high temperature to remove its moisture and volatile contents [1] . Then this porous char can be reacted with gasification agent i.e., air, oxygen, steam, CO 2 etc. to produce a useful syngas product, i.e., CO and H 2 . Ash is also a compulsory part of the char and its quantity depends upon the type of coal or biomass used to produce the char.

Char can be derived from any carbonaceous material that includes mainly coal and biomass. The primary constituent of char is carbon and it is directly related to the amount of carbon present in the carbonaceous material. Fig. 1 shows the H/C and O/C ratios for coal, lignite, peat and biomass. It is clearly evident from the figure that both H/C and O/C ratios for coal are lower than that off the biomass and as a results a higher heating value according to Channiwala's formula [2] . It means that, coal have high percentage of carbon present as compare to biomass. The ultimate analysis for coal and biomass presented in Table 1 which carried elsewhere [3] demonstrate the higher percentage of carbon in coal as compare to pine needle biomass.
But this high percentage of carbon is not the only criteria to select coal or the other feedstock for the high yield of char. As the char represents the solid form of carbon, therefore it is necessary to know the percentage of solid or fixed carbon presents in coal and biomass. Table 2 shows the proximate analysis (as received) of coal and biomass that fraction the feedstock into The result of proximate analysis shows the higher percentage of fixed carbon present in coal as compare to biomass. This clearly indicates this tested grade of coal as a better choice to produce high quantity char per unit weight of feedstock. On other hand, biomass exhibit higher quantity of volatile material which is expected to yield a high porous char as biomass particle agglomerate, baked, through the de-moisturization and de-volatilization processes. This high porosity provides more surface area inside the pores for reaction to occur. Therefore, it is kind of trade-off to produce char using fixed-carbon rich coal or high-volatile biomass.
The modelling of coal de-volatilization, combustion and gasification in the form comprehensive model and CFD (computational fluid dynamic) code are already performed in Waste to Energy Lab at Masdar Institute, Abu Dhabi with variety of different feedstock [3] [4] [5] [6] [7] [8] [9] . The similar modelling techniques that are used for coal or biomass cannot be used directly for char due to the large difference in the physical and chemical properties.
Reaction kinetics of char is much simpler than coal/biomass as its main composition is carbon. A considerable amount of literature is available in which gasification of char is presented. Kim, et al. [10] prepared char from 12 different bituminous coals at different reaction temperature for the gasification with CO 2 under isothermal conditions. The concentration of CO and CO 2 measured using online gas analyser. The results show that, the reactivity is increased as the particle size decreases at the given temperature. Modelling of char gasification performed that accounts for the shrinking core model better for large particle size while the volumic reaction model is also more suitable for smaller particle size. Singer, et al. [11] developed an adaptive random pore model for the application to the char gasification. This model allows different pore sizes to grow at different rates at a given location within a reacting porous particle. The model satisfactory reproduce some coal char oxidation experiments from the literature, however because of the complexity of the model no attempt to integrate it to reactive flow environment is pursued. Seo, et al. [12] use volume of reaction model, shrinking core model and random pore model to interpret the experimental data for biomass char CO 2 gasification. The result presented in term of CO and CO 2 yield at different operating conditions. The final comparison shows that, random pore model agreed with the experimental data more than the other two models. Suresh, et al. [13] performed palm shell char gasification using CO 2 through TGA (thermo gravimetric analyser) at temperature ranging from 800 °C to 1,000 °C. Four different models are used to identify the correct pattern of experimental data and based on RMSE (root mean 
Atomic O/C ratio
Atomic H/C ratio square error) the random pore model is found in good agreement with the data. In this research study, an attempt is made to build a model for char particle gasification. The main motivation behind modelling is to develop a simplified approach so that it can further integrate with commercial CFD software at low computational expenses. This integration will help to run the large number of discrete particle simulation in a single step. The model used in this study comprise of a single heterogeneous reaction which represent the CO 2 gasification. A constant value of temperature and pressure is used throughout the domain. Finally, the results are presented in term of the yield of CO and CO 2 .
Physical and Computational Model
Gasification is a complex process that occurs inside the pores of the particle. There are several chemical and physical processes taking place inside the particle. The reactants diffuse inside the particle and reacts with the char and multiple heterogeneous and homogeneous reactions occur. Due to the reaction, the size and shape of the pores are continuously changing which also change the physical shape of the char particle. Combining both chemical and physical process makes the char gasification quite complex and hence the need of modelling this process is necessary for understanding the evolution of the syngas species.
By considering char as coal or biomass, a primary gasification reaction can be written as follow:
(1) where, x, y, z and l, m, n, x 1 , x 2 , x 3 , x 3 and x 5 are the respective moles of each element and component per mole of carbon in the system.
The above reaction shows that, gasification can be achieved by using the combination of air, H 2 O and CO 2 as oxidizer and moderator, but, it is not necessary, either anyone of them can be used. This primary gasification reaction can be split into numbers of intermediate reaction and the most important reaction are given below: char reforming:
boudouard reaction:
methane cracking-hydro gasification:
methane reformation:
water gas shift reaction:
In this study, the physical model is based on the gasification of a char particle. The char particle normally is the yield of high temperature devolatilization of coal or biomass particle. These particles have porous structure throughout. The reactant moves inside the pores during the reaction and product species move outside. The heterogeneous reaction takes place at the surface of the particle while the homogenous reaction occurs inside the pores and outside the particle.
To develop a simplified model only a heterogeneous reaction is considered that represents the CO 2 gasification of the char particle, as given by Eq. (3). This reaction is commonly known as boudouard reaction and represents the gasification of char by carbon dioxide.
Eq. (3) shows one solid phase (C/char) and two gas phase species (CO and CO 2 ). The governing equations to model the physical system of gasification can be represented by mass conservation in both solid and gas phase reaction, as given below:
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Numerical Simulation of Char Particle Gasification 682
CO ,
where, represents the porosity of the particle; represents the concentration of gas phase species; r and t represents the radial and time coordinate, respectively; represents the effective diffusivity; represents the source term due to reaction and X represents the conversion of char. Eqs. (7) and (8) represent partial differential equation showing the reaction-diffusion model for the gas phase species. Eq. (9) represents an ordinary differential equation for the conversion of char. The porosity of the particle can be represented in term of initial porosity ( ) and char conversion, and is written as:
Similarly the effective diffusion is given as,
The reaction source term is given as,
where, is the stoichiometric coefficient; S is the surface area; is the Arrhenius rate constant i.e., 4364 e ; T is the temperature (K). The surface area of the particle is represented by its initial surface area ( and the char conversion:
By substituting Eqs. (10)- (13) in Eqs. (7)- (9) and after simplification the following equations are written as:
where, is the molecular weight of carbon and C is its density. The diffusion is calculated using the Reid's formula [14] and is given as:
where, AD is the atomic diffusion for the gases. The values of the constants used in Eqs. (14)- (17) are given in Table 3 .
Initial Conditions and Boundary Conditions
Eqs. (14)- (16) give us to represent a system of two coupled partial differential equations and one ordinary differential equation. As the particle is assumed to be perfectly spherical and all physical properties are either constant or changing in the radial direction. To solve the differential equations, a set of initial and boundary conditions are used. Dirichlet/symmetry (zero gradient) boundary condition is used at the center (r = 0) while Neumann boundary condition is used at the surface (r = R) and are written as:
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The boundary condition of Eq. (14) is actually the gasification condition calculated at temperature and pressure mentioned in Table 3 . The initial conditions are taken as uniform values of gas species concentration mentioned in Eq. (19). A second order central difference scheme is used to solve the equation in space and backward marching scheme is used for the time. with the simulation time. The total simulation time is 3 s which is sufficiently long, but not enough to ensure all the char present in the particle is fully converted into CO. Also, the steeper curve near the surface of the particle shows that, the conversion of char also depends upon the size of the particle. If the size of the particle is taken smaller complete char conversion can be achieved in a lesser time.
The sensitivity study of temperature is also performed to show the effect of temperature on char conversion. For that purpose, an increasing temperature is applied for the time duration of 3 s and presented in Figs. 5 and 6 . The temperature sensitivity is performed using the 10 different jumps starting from 1,000 K to 2,000 K and the end result of the simulation is presented. Fig. 5 shows the CO concentration along radial direction as function of the temperature increase. It shows that, the temperature is directly proportional to the CO concentration i.e., as the temperature increase, the concentration of CO concentration is also increase. The concentration of CO at the outer surface is constant, due to the fixed boundary condition. Similarly, Fig. 6 shows the CO 2 concentration along the radial direction as temperature increases. It shows that, as the temperature increase, the concentration of CO 2 decrease. It is due to the fact that, the increasing temperature directly affects the Arrhenius rate constant and because only forward reaction is considered therefore the CO 2 concentration decrease. Fig. 7 shows the char conversion along the radial direction with respect to the temperature. It shows that, temperature has a high effect on the conversion of char particle. As the temperature increase the more char is reacted with the CO 2 in the simulation time of 3 s.
Any decrease in the reaction temperature is associated with substantial decrease in the char conversion. Fig. 8 shows the CO concentration along the radial direction for the sensitivity analysis of initial porosity. The simulation time and temperature is kept similar to baseline case i.e., 3 s and 1,600 K. The result shows that, the change of porosity has impact on CO concentration. Although the scale of this impact is considerably less those of the temperatures change. It shows that, as the porosity decrease, the CO concentration increase. It is due to the fact that, the decrease porosity increases the amount of char present inside the particle which ultimately increase the amount of CO produce. Fig. 9 shows the CO 2 concentration for the sensitivity study of initial porosity. It shows that increase in porosity decreases the concentration of CO 2 inside the particle. Although the change in concentration inside the particle is considerably low. Fig. 10 shows the char conversion in the radial direction. It shows the increase in porosity of particle increases the char conversion.
Conclusions
Gasification is one of the important energy conversion methods for the energy production. Although the complexity involved in understanding the chemical kinetics make it very difficult to model and simulate. There are number and variety of models are present in the literature that uses different approach to model the gasification process. In this research, a simplified model is used to simulate the gasification of char particle. The basic idea to develop the model is to build a single reaction mechanism in the form of transport equation with coupled diffusion dependent and reaction source term. The model comprise of two coupled partial differential equations and one ordinary differential equation that are solve simultaneously subjected to proper initial and boundary conditions. The results are calculated for the char particle in the radial direction that simulates the gasification process at high temperature and pressure. It shows that, the concentration of CO decrease with time and the maximum concentration always lie at the centre of the particle. On the other hand, the concentration of CO 2 increase with time and eventually that all the char can be gasified into CO. This is contingent upon the availability of sufficient reaction time or a reduction in the particle size. The sensitivity study of temperature shows that, the concentration of CO increase as the temperature increase and the concentration of CO 2 decrease as the temperature increase. The sensitivity study of initial porosity shows that, it has considerably low effect on char conversion by any increase in it directly proportional to the char particle conversion.
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